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ABSTRACT 
 
‘Design for All’, or Inclusive Design, is an approach to the design of products and 
workplaces that aims to maximise suitability for a wide range of consumers/workers. In 
particular attempts are made to include elderly and disabled consumers/workers without 
stigmatising the product or in any other way detracting from its attractiveness to younger more 
able-bodied users. The interest in Design for All stems from the increasing number of elderly 
and disabled people in western societies, the considerable economic power that they command 
and pressure from a wide variety of legislative forces. 
Research has recently been completed that provides a new basis for the application of 
ergonomics through computer aided design based on multivariate techniques using 
anthropometric and other data related to individuals rather than populations. The design tool 
created (known as HADRIAN) is briefly described. This tool is capable of assessing the 
percentage of the individuals that are able to perform a task whether this be in a domestic or 
industrial environment. However, it is not capable of suggesting design changes to improve this 
percentage accommodation, and hence ongoing research is concerned with ‘design synthesis’. 
The design synthesis approach uses a constraint modeller (SWORDS, which has been used 
elsewhere in many design and industrial applications) to search a potentially infinite design 
space to find sets of spatial characteristics of the design that maximise the user accommodation. 
This design synthesis approach is presented in this paper and described by a case study. 
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1. INTRODUCTION 
 
’Design for All’ or ‘Inclusive Design’ [1] is aimed at designing products and workplaces 
that are suited to all members of society. In particular the needs of groups such as the old and 
those with disabilities are brought into the mainstream of design.  
At the beginning of the 20th century, older adults and people with disabilities were a small 
minority. The average human life span was only 47 years, those with spinal cord injuries had 
only a 10% chance of survival and most people with chronic conditions lived in nursing 
institutions [2]. Data from the US Census Bureau shows that today, as a result of better nutrition 
and health care the number of people aged 75 and over is forecast to double over the next fifty 
years and as disability increases with age a large number of disabled people can be expected [3]. 
Countering the impact of disability will benefit society a great deal both socially and 
economically. Socially, with better designed facilities and equipment, disabled and older people 
will be able to lead a more normal life without the stigma and expense of specialized products. 
Economically, it has been estimated that 36 million disabled people in the U.S. spend 40 billion 
dollars on special products and the population over 50 purchases 60% of all domestic cars and 
own 50% of all homes [4]. 
13 
 
 
2. HADRIAN  
 
If designers are to be able to implement design for all then they need to be provided with 
data on the wider range of user capabilities and a method by which this new data might be used 
effectively. For many years anthropometric data has been available for use in computer aided 
design systems such as SAMMIE [5], but generally these systems are not suitable for the wide 
variety of capabilities experienced in a design for all context. HADRIAN (Human 
Anthropometric Data Requirements Investigation and Analysis) is a greatly enhanced system 
that addresses this difficulty and has been previously reported [6]. The approach taken in 
developing this tool has focused on three areas: data input and manipulation, task description and 
analysis, result reporting and analysis feedback [7,8]. HADRIAN utilises the capabilities of the 
SAMMIE system to provide the designer with the ability to: 
• model a product or environment  
• select a target user base (typically from a specially collected database [9]) 
• construct a task description  
• perform a  task analysis  
• analyse the results to determine the percentage accommodated, and why failures occurred 
• modify the design/task parameters and re-run the analysis for comparative studies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 illustrates a typical use of the HADRIAN interface to construct a task description for 
kitchen activities.  
HADRIAN is invaluable in predicting the percentage of the population that will be 
accommodated by the design (i.e. the percentage of the population that can accomplish the entire 
task) and indicates any problem areas. However it does not provide any automatic method for 
reconfiguring the design to improve on the percentage accommodation. This ‘design synthesis’ 
forms the focus of the research described in this paper. 
Figure 1. HADRIAN Interface for Task Description 
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3. DESIGN SYNTHESIS 
 
Incorporating ergonomics aspects in the design process is often complex, mainly because 
human capabilities can be difficult to express in terms of design variables.  A further difficulty is 
the large number and great variety of variables associated with individual users and acquiring 
information regarding them. To overcome these problems it is proposed that ergonomics analysis 
tools should be used together with multivariate databases of individuals [7,9]. 
In this context a user centred design optimisation model can be defined as follows: 
If design variables are defined as a n vector, 
   ),....,( 2,1 nxxxx =  
and the objective function of the design that has to be optimised is; 
   ),....,,()( 21 nxxxfxf =  
If there are p users, and a  different criteria, user related objective functions are defined as; 
  0)....,()( ,2,1 =≡ nikik xxxrxr  where i = 1 to p and k = 1 to a  
If there are q constraints; 
  0)....,,()( ,21 ≤≡ njj xxxhxh  where j = 1 to q 
These constraints can be either equality constraints, in which case 0)( =xh j  or inequality 
constraints, in which case 0)( ≤xh j . However, the number of equality constraints should be less 
than or equal to the number of variables (i.e nq ≤ ). If q > n there is redundancy in the equality 
constraints which are linearly dependant on each other or that there is an error in the formulation.  
Functions )(xf  and )(xh j can be linear or non-linear equations but because of the nature 
of the problems and the method of generating the equations, functions )(xrik  are usually non-
linear making the whole problem a non-linear problem. All of these functions have to be 
functions of some or all of the design variables. If they are not, they do not affect the design and 
can be ignored. The general nature of this model allows it to be applied to any type of design 
problem, but it is its application to ergonomics design issues which is the focus of this work. 
3.1    Design Variables 
Design variables define the product or the system, and by specifying different numerical 
values, alternate designs can be obtained. The designer has to give careful consideration when 
selecting these variables because ultimately they determine the characteristics of the product. 
They can either be dimensions or parameters concerning the position of objects within the 
design. For example if a kitchen workplace is being assembled with existing objects such as a 
cooker, washing machine, refrigerator and shelves, the design variables are the positional 
variables of these objects. On the other hand, in the design of a pressure vessel, the design 
variables may be its dimensions such as diameter, height and thickness.  
3.2    Objective Functions 
Objective functions are functions that are minimised or maximised to find an optimum 
design. These are used to find the parameters or dimensions of the optimum design.  There can 
be more than one objective function for a design. The designer’s skill and experience has a role 
to play in formulation of objective functions because a proper understanding of their impact on 
the optimisation process is required. 
3.3 Constraints 
Constraints are the limitations or restrictions imposed on the design, and can be equality 
constraints which fix the value of variables, or more interestingly inequalities defining a range of 
acceptable values for a variable. Constraints can be either linear or non-linear functions, and 
must depend on one or more of the design variables. 
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As illustrated on figure 2(a), a feasible design satisfies all the constraints. If the design is 
subject to too many constraints, a solution may not exist that satisfies all the constraints. On the 
other hand, if the constraints are too general, there will be too many solutions to the problem and 
a true optimum solution will not be found (figure 2(b)). The task of the designer is then to 
determine which constraints are to be relaxed or where to introduce more constraints [10]. 
 
(a) A feasible solution within constraints (b) Over and under constrained systems 
 
    Figure 2. Use of constraints 
 
3.4 User-Centred Optimum Design Problem Formulation 
The first step in solving user-centred design problems is to acquire a good understanding of 
the user population functional capabilities. The designer then needs to identify what tasks the 
users will perform while using the workplace or product.  
Usually the design project is a complex interdisciplinary problem involving numerous 
components, and often solving the whole problem as a single unit is impossible. A potential 
solution is to decompose the problem into smaller, manageable, sub-problems. For example, in 
an automated teller (ATM) machine, the components are the card slot, the screen, the receipt 
dispenser etc. In a kitchen work place these could be the cooker, the work surface, shelves etc. In 
this case if the redesign of the cooker is allowed, (that is, if the cooker is not a standardised 
model used in the workplace) its components like the oven, hobs, knobs and the grill are 
analysed separately. These components can be independent or dependent based on whether 
redesigning or repositioning it would affect any other component. If there are components that 
affect others they are all taken together later in the optimisation process. 
The variables of the system are then identified. These variables must be selected so that by 
changing them alternate designs can be obtained. The problem formulation depends on the 
selected variables. These can be the physical dimensions of the product or positional variables of 
the components of the system. The selected variables should be free variables. That is, the 
designer should be able to assign numerical values to them. If the assigned values satisfy all the 
constraints, then the design is usable. The number of design variables identified will determine 
the flexibility of the design problem formulation. The larger the number of variables, the more 
flexible the design problem will become, whilst making the design more difficult to optimise. 
Finding a balance is depends on the designer’ experience and skill. 
The next step is the formulation of objective functions for these sub problems. These 
objective functions can take various forms such as minimise cost, maximise ride quality of a car, 
maximise profit or minimise weight etc. The responsibility lies with the designer or the engineer 
to select the most suitable objective function or functions for that particular problem. These 
objective functions must depend on the design variables. 
The constraints of the sub-problems are identified next. These can be constraints based on 
size or position. If any of these components affect any other in the system, constraint functions 
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must be found that bind them together to form the composite problem. Again, constraint 
functions must be functions of design variables for them to have an effect on the design. 
The next step is the determination of the user related objective functions. Each of the 
components is ergonomically tested against predetermined task criteria using the multivariate 
data of individuals. For the users who fail this, a ‘failure value’ is found by assigning values for 
the design variables. Each user will have one function for this ‘failure value’ per component and 
for it to be possible to perform the task that function needs to be made equal to zero. 
 
4. IMPLEMENTATION 
 
The methods described above have been implemented as briefly described below. The total 
system is known as SHIELDS (System for Human Interaction Evaluation and Design Synthesis) 
and is an optimisation process which follows several steps. Firstly, a computer aided design 
(CAD) model is built to represent the product or workplace. Normally this would be done within 
SAMMIE [5] but there is potential for importing data from other CAD software. HADRIAN [8] 
supplies the database of users, the ability to construct task descriptions and communication to the 
ergonomics evaluation capabilities of SAMMIE. SHIELDS is used to select the objects for 
optimisation (decomposition) and the objects are grouped according to their inter-dependencies. 
The designer uses SHIELDS to select and define appropriate constraints and 
SAMMIE/HADRIAN analyses the failure values such as out-of-reach conditions. Finally, 
Mathematica is used for the fitting of functions which are submitted to the optimisation process 
within the constraint modeller and optimiser SWORDS [11]. 
 
5. CASE STUDY 
 
Case studies have been conducted as a way of evaluating the effectiveness of the approach 
and a preliminary investigation of an Automated Teller Machine (ATM) is described here. 
Automated teller machines (ATM) are used to obtain cash by inserting a plastic card and a 
pin number. People with all abilities use ATMs or wish to use them as an integral part of wider 
activities such as shopping.  
To evaluate the functionality SHIELDS it is important to test it against a wide range of 
issues, and the ATM satisfies this criterion with its widespread usage and its construction from 
several components such as the screen, keypad, card slot and the receipt dispenser that are 
constrained into a small space providing an ideal setting to test the proposed methods of user 
incorporation, decomposition, constraint selection and optimisation. 
There are two main aspects to user interaction with ATMs; the physical user interface 
comprised of the screen, keypad, card slot and the receipt dispenser, and cognitive issues arising 
from the presentation of information on the screen and its layout, colours, font size, etc. Both of 
these must be considered for maximum user accommodation, but for the purposes of this case 
study only the physical aspects are considered. 
The main user tasks are to see the screen and to see and reach the keypad, card slot and 
receipt dispenser. The successful execution of tasks depends on the anthropometry, mobility and 
posture of the user and the spatial configuration of the component parts.  
The model was built using SAMMIE, and the users were selected randomly from the 
HADRIAN database, which is biased to disabled and elderly people. In an ideal situation, to 
achieve inclusivity in a design all the people in the database should be selected. But for the 
purpose of the case study to test the software and the developed method, it is assumed that if it 
can be used for 10 users then the software and the method can be used for any number of users. 
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Figure 3. ATM User Interface and SAMMIE Model 
 
General details of the subjects are given in table 1. Other details such as disability, vision, 
somatotype, weight, anthropometry, capability and constraints are available in the database. 
 
 
 
Table 1. General characteristics of subjects 
 
Table 2 lists the results of an analysis in terms of success or failure for an individual for a 
set of task elements such as ‘look at screen’. From this it is easily deduced that 100% 
accommodation of all vision tasks is achieved, 100% can reach the keypad, 80% can reach the 
receipt dispenser and only 40% can reach the card slot. This last figure is crucial, as the ATM 
cannot be used without inserting a card and therefore the overall accommodation for the task 
‘use ATM’ is 40%. The objective of the optimisation will be to reconfigure the ATM so that this 
figure is substantially increased (possibly at a cost of decreasing the accommodation of some of 
the other individual task elements). 
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Subject Screen Card Slot Keypad Receipt Dispenser 
  Look Look Reach Look Reach Look Reach 
Subject 11 success success failure success success success success 
Subject 12 success success failure success success success success 
Subject 27 success success success success success success success 
Subject 28 success success failure success success success success 
Subject 40 success success failure success success success failure 
Subject 41 success success failure success success success success 
Subject 47 success success success success success success success 
Subject 54  success success success success success success success 
Subject 97  success success success success success success success 
Subject 98 success success failure success success success failure 
 
Table 2. Task Assessment (from HADRIAN) 
 
Each of these ‘out-of-reach’ or ‘out-of-vision’ conditions is represented by a numeric value 
in millimetres (resulting from the ergonomic analysis within Hadrian). Varying the location of 
the object in question generates a series of data for an individual subject. Mathematica is used to 
fit a function to this data such as: 
 
1.11668�1011�5.98087�107x�6.58199�107y�0.000513167x2y�
20.7785xy2�2.24348�107z�28.3299xyz�7.7943y2z�0.0166982xy2z 
 
This example is for subject 11 reaching to the card slot and (x,y,z) are the reference 
coordinates of the card slot within the HADRIAN model. SWORDS is used to minimise (reduce 
to zero) this out-of-reach condition together with all similar conditions for all subjects. This is 
carried out within constraints that are selected by the designer and could be (see figure 3): 
 
 80 < zc – zd < 140 (separation between card slot and receipt dispenser) 
yd = yc = ys = y (screen, card slot and receipt dispenser on back wall of ATM) 
 yk < 372 (zb – 720)  < zk < 120  (keypad location) 
 zb > zc > zd > zk > (zb – 720)  
zb > zs 
 zb – zc > 120     
zd – (zb – 720) > 120 
 
6. CONCLUSIONS 
 
It is believed that HADRIAN makes a substantial contribution to the objective of providing 
practical methods for the implementation of ‘Design for All’ considerations within the 
ergonomic design of products and workplaces. The work described here which has resulted in 
the SHIELDS system  moves the ideas on from a straightforward evaluation tool to a computer 
method that can suggest improvements in the configuration of a design that will result in an 
increased user accommodation. 
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